We study pre-trade transparency by looking at the introduction of NYSE's OpenBook service that provides limit-order book information to traders off the exchange f loor. We find that traders attempt to manage limit-order exposure: They submit smaller orders and cancel orders faster. Specialists' participation rate and the depth they add to the quote decline. Liquidity increases in that the price impact of orders declines, and we find some improvement in the informational efficiency of prices. These results suggest that an increase in pre-trade transparency affects investors' trading strategies and can improve certain dimensions of market quality.
THE PROLIFERATION OF NEW EXCHANGES and trading platforms in the United
States and abroad brings to the forefront many issues in market design. Should a market have at its core an electronic limit-order book? What possible roles can market makers play? What information should market participants observe about order f low and prices? These issues have implications for investor trading strategies, specialist behavior, market liquidity, the informational efficiency of prices, and ultimately for investor welfare. We investigate a key feature of market design: transparency, or the ability of market participants to observe information in the trading process.
Our focus is on a particular form of transparency: the ability of market participants to observe the pending trading interests of other participants, or in other words, the content of the limit-order book. Knowledge about buying and selling interest can be used both to refine one's inference about the value of a security and to strategically plan the execution of a trading goal to minimize transaction costs. We use the introduction of OpenBook by the NYSE to investigate the impact of an increase in the extent of public information about the content of the limit-order book.
OpenBook, introduced in January 2002, allows traders off the NYSE f loor to observe depth in the book in real time at each price level for all securities. Before the introduction of OpenBook, only the best bid and offer (representing orders in the book, f loor broker interest, and the specialist's own trading desires) had been disseminated. Our objective in this study is to examine how publicly revealing information about the limit-order book affects investor trading strategies, the way prices evolve in response to order f low, and the resulting state of liquidity in the market.
Our paper is related to other investigations of pre-trade transparency, defined as the availability of information about quotes and trading interest.
1 Most papers look at the inf luence of quote information in a multiple-dealer market (e.g., Bloomfield and O'Hara (1999) and Flood et al. (1999) ) or use the availability of information to characterize different market structures (e.g., Madhavan (1992) , Biais (1993) , and Pagano and Röell (1996) ).
2 Our work is also part of a growing theoretical and empirical literature about limit-order books.
3 Two papers, Madhavan, Porter, and Weaver (2000) and Baruch (2005) , specifically construct models to address the question of how revealing more or less information about the content of a limit-order book affects the market. We rely on theoretical predictions from these two papers to guide our investigation into the impact of limit-order book transparency on informational efficiency and liquidity.
In organizing our empirical investigation, we have found it useful to think about the consequences of changes in pre-trade transparency first in terms of direct effects on the trading strategies of market participants, and then in terms of the resulting equilibrium state of informational efficiency and liquidity. Harris (1996) discusses two risks that are associated with the exposure of limit orders: (i) A trader may reveal to the market private information about the value of the security, and (ii) exposed limit orders can be used to construct trading strategies aimed explicitly at taking advantage of these limit orders (e.g., 1 For investigations into post-trade transparency, defined as information about executed trades, see Chowhdry and Nanda (1991) , Naik, Neuberger, and Viswanathan (1994) , Franks and Schaefer (1995) , Madhavan (1995) , Lyons (1996) , and Bloomfield and O'Hara (1999) .
2 A related literature focuses on the anonymity of traders as a dimension of transparency. For example, Madhavan (1996) investigates the role of information about order flow, but focuses on the availability of information about traders' motives (i.e., whether liquidity traders can be identified). The impact of anonymity on liquidity in an electronic limit-order book is investigated by Foucault, Moinas, and Theissen (2003) , while Theissen (2003) examines anonymity in a setting where there is a market maker alongside a limit-order book. Rindi (2002) looks at anonymity in a rational expectations model. 3 The tradeoffs in using limit orders and the nature of equilibrium in limit-order markets were the focus of several theoretical models (e.g., Cohen et al. (1981) , Glosten (1994) , Seppi (1997) , Parlour (1998), and Foucault (1999) ). Recent empirical work on limit-order markets includes Biais, Hillion, and Spatt (1995) , Handa and Schwartz (1996) , Ahn, Bae, and Chan (2001) , Sandås (2001) , and Hasbrouck and Saar (2004) .
"pennying" or front-running the limit orders). Harris details strategies that limit-order traders can use to manage the exposure of their orders: breaking up their orders (submitting smaller limit orders), canceling and resubmitting limit orders more often, and using agents closer to the trading process (f loor brokers at the NYSE) to manage order exposure rather than submitting limit orders to the book.
We look at the cancelation of limit orders after OpenBook is introduced and find a higher cancelation rate and shorter time-to-cancelation of limit orders in the book. We also find smaller limit orders after the change in transparency. This evidence is consistent with the idea that traders attempt to manage the exposure of their orders, in line with Harris's reasoning. However, we do not observe a shift from electronic limit orders to trading with the help of f loor brokers. Instead, the volume executed by f loor brokers declines compared to that executed against limit orders. Why may that be happening? OpenBook enables traders not just to observe information about demand and supply away from the quote, but also to see how their own actions affect the book. This "visibility effect" may make self-management of orders more appealing to traders, in a manner analogous to the attraction of active traders in Nasdaq stocks to electronic communications networks. Such an effect could dominate the argument that Harris (1996) makes for employing agents, and explain our finding.
We also investigate the trading of one particular type of market professionals-NYSE specialists-who both maintain the limit-order book and trade for their own account (make a market in the stocks). We find that the specialist participation rate in trading declines following the introduction of OpenBook. We also find that specialists reduce the depth they add to the quote (together with f loor brokers) beyond what is in the limit-order book. These changes in trading strategies are consistent with an increase in the risk of proprietary trading on the part of specialists due to loss of their information advantage. 4 Because public limit orders have priority over the specialists' proprietary trading, these changes are also consistent with a crowding out effect due to more active limit-order strategies employed by investors. Finally, a reduced contribution of the f loor to the quoted depth may be due to the shift we observe from f loor trades to limit orders that are sent to the book electronically.
Changing strategies of market participants can alter characteristics of the market environment that are important to investors, such as liquidity and informational efficiency. Glosten (1999) presents an informal argument stating that increased transparency should lead to greater commonality of information, implying more efficient prices and narrower spreads. Baruch (2005) asks who benefits from an open limit-order book, and provides a theoretical model showing that opening the book (i) improves liquidity in the sense that the price impact of market orders is smaller, and (ii) improves the informational efficiency of prices. A different view is expressed by Madhavan, Porter, and Weaver (2000) .
In their model, greater transparency leads to wider spreads, lower depth, and higher volatility. They also conduct an empirical investigation of the Toronto Stock Exchange's decision in April 1990 to disseminate information about depth at the top four price levels in the book (in addition to the best bid and offer). Since they do not have the detailed order-level data that we have, they are unable to provide evidence about investor strategies or depth in the book, but they do show that spreads are wider after the event and that volatility is higher, both of which are consistent with their theoretical predictions.
Our results contrast with the Toronto Stock Exchange findings and provide support for the view that greater pre-trade transparency is a win-win situation. To examine whether greater pre-trade transparency indeed makes prices more efficient, we use a variance decomposition methodology proposed by Hasbrouck (1993) and document smaller deviations of transaction prices from the efficient (random walk) price. We also find some indication (though weak) of a small reduction in the absolute value of first-order return autocorrelations calculated from quote midpoints. These results are consistent with more efficient prices that are less subject to overshooting and reversal following the introduction of OpenBook.
We then examine measures of liquidity about which we have predictions from the theoretical models: depth in the book and effective spreads (or price impact). We find that depth in the book increases somewhat following the introduction of OpenBook. Most of the increase, however, is in prices away from the current quote. We are unable to examine changes to total depth in the market, because the orders held by f loor brokers and the specialist's willingness to provide liquidity behind the quote cannot be measured. Ultimately, however, total depth affects the price impact of trades and we can measure the latter directly using effective spreads. We find that effective spreads of trades decline with the improvement in pre-trade transparency.
The evidence of a decline in effective spreads of trades suggests that the costs incurred by liquidity demanders decrease with the introduction of OpenBook. This evidence may also suggest a decline in investors' compensation for exposing limit orders and supplying liquidity. The decrease in the participation rate of specialists is consistent with such erosion in the profitability of liquidity provision. In an auction market such as the NYSE, an investor can choose whether to be a supplier or a demander of liquidity. Furthermore, acquiring or liquidating a position in a stock can be done with a combination of marketable and limit orders.
5 Therefore, improved liquidity that is manifested by a smaller price impact of trades does not necessarily mean that the total transaction costs of investors in the new equilibrium are lower than those they experienced under the old regime. We do not have data that allow us to follow the complete trading strategy of an investor and determine its total cost.
However, we can go one step beyond trade effective spreads by focusing on the costs of executing a marketable order at the NYSE. By analyzing orders, as opposed to trades, we can better assess the cost an investor incurs, even when his order is broken down to be executed in multiple trades at different points in time. 6 We find that effective spreads of orders decline significantly following the introduction of OpenBook. This is true even for small orders, despite a decrease in the depth quoted by the specialist at the bid and ask prices. Our analysis of the change in liquidity around the event uses several econometric models to implement controls and account for potential estimation problems, and the results are robust to the different specifications we use.
While we believe that the effects we document are associated with the increase in transparency that accompanied the introduction of OpenBook, we fully acknowledge that this is an investigation of a single event and that therefore our statistical ability to attribute changes to the event is limited. This issue is a recurring theme in empirical analysis of the financial implications of regulatory changes (see, for example, Schwert (1981) ). We believe that the question of how changes in market design affect market quality is important enough to warrant a careful investigation of this particular event. Furthermore, we do address the concern that the changes we document are due to a secular trend in the variables rather than to the introduction of OpenBook. We look at changes in these variables before the event and conclude that the effects we document do not ref lect a trend that existed in the market.
With these caveats in mind, our analysis suggests that greater transparency of the limit-order book is beneficial for market quality. This finding is important for several reasons. First, the theoretical literature provides conf licting predictions on how liquidity would change when opening the book, and our results are at odds with those documented when the Toronto Stock Exchange started revealing information about demand in the book. Second, the Securities and Exchange Commission (SEC) has repeatedly emphasized the need for increased pre-trade transparency. Our research is the first empirical study to provide support for such a policy. Third, our results show that market design exerts inf luence not just on trading strategies, but also on equilibrium liquidity and the informational efficiency of prices. As such, research on market design can help exchanges and regulators improve the functioning of financial markets.
The rest of this paper proceeds as follows. Section I provides details on the OpenBook initiative at the NYSE, describes the event periods, and presents the sample and the data sources used in the investigation. Section II presents the results of our tests concerning the trading strategies of investors, the participation of specialists, informational efficiency, and liquidity. Section III is the conclusion.
I. Research Design

A. OpenBook
Whether or not to make public the content of the limit-order book maintained by specialists at the NYSE has been the subject of discussion for over a decade.
In 1991, the NYSE received the approval of the SEC for a program that would have provided snapshots of the book to member firms three times a day. In June of that year, the NYSE announced that it would not implement the system, citing lack of interest among member firms. In 1998, the NYSE announced it was considering providing information about the limit-order book for prices two ticks below and above the best bid and offer. In October 2000, the NYSE again announced intentions to reveal more of the book as part of an initiative called Network NYSE. The implementation was scheduled for the second quarter of 2001, but was postponed. In 2001, the NYSE filed with the SEC for approval of a service called OpenBook that provides information about depth in the book to subscribers, either directly from the NYSE or through data vendors such as Reuters and Bloomberg.
The NYSE's request was approved by the SEC on December 7, 2001, and the OpenBook service was introduced on January 24, 2002, for all NYSE securities simultaneously. OpenBook operates between 7:30 A.M. and 4:30 P.M. It is available for all NYSE-traded securities and shows the aggregate limit-order volume available in the NYSE Display Book system at each price point. The information about depth is updated every 10 seconds throughout the day. 7 It is important to note that the information disseminated does not include the specialist's proprietary trading interest or f loor broker interest. As a result, the information in OpenBook does not ref lect total depth in the market, but rather only depth in the limit-order book. Also, OpenBook does not provide any order execution capabilities; it is merely an information dissemination system. The NYSE charges a fee for the service. Commercial data vendors and large broker-dealers take the raw data directly from the NYSE and pay $5,000 per month. The NYSE also receives $50 per month for each subscriber who gets the OpenBook service from a data vendor (or each employee of a broker-dealer with an OpenBook terminal). At the end of 2003, the NYSE was collecting approximately $870,000 as monthly revenues from the OpenBook service.
8 Because OpenBook is a paid service, we have a sense of the extent to which this new information is being disseminated. OpenBook had approximately 2,700 subscribers when the service was introduced. This number grew in a steady fashion to about 6,000 during the first 4 months of operation.
B. Event Periods
It is difficult to pinpoint the announcement date for OpenBook. Several times during the decade prior to the actual introduction the idea was announced but did not materialize. Therefore, it is not clear whether the announcement in October 2000, when the NYSE's press release mentioned OpenBook as part of the Network NYSE initiative, had much credibility. Only when the SEC approved the service in December 2001 could the NYSE in fact implement the service (though some people might have anticipated it). In contrast, there is no such uncertainty about the implementation date of OpenBook: The service was made available to the public on January 24, 2002. Fortunately, it is the implementation date that matters most for our purpose. While prices may change in anticipation of an event, trading strategies that require information about limit orders in the book cannot be implemented without this information. Therefore, the effects we wish to investigate are best examined around the implementation date.
We are interested in identifying the permanent effects of the change in pretrade transparency. For that purpose, we need to examine two periods in which the market is in equilibrium with respect to traders' use of order f low information, one before the event and one after the event. We choose 2 weeks (10 trading days) for the length of each period. We believe this choice strikes a balance between our desire to employ more data for the statistical tests on the one hand and both the stability of the estimates and the complexity of handling NYSE order-level data on the other.
Since traders cannot use the information in OpenBook prior to January 24, there is no need to eliminate a long window before the event in order to obtain the steady state of traders' strategies. We choose the full 2 trading weeks prior to the introduction week as the pre-event period (January 7 through January 18). The choice of an appropriate post-event period is more complex. While traders are able to see limit-order book information beginning January 24, learning how to use this information probably takes some time. This is true both for traders who want to use it just to optimize the execution of their orders and for traders who plan to use it to design profitable trading strategies. Furthermore, once such strategies are in place, other traders (e.g., mutual funds' trading desks) may experience poorer execution of their limit orders, prompting more traders to change their strategies until a new equilibrium emerges. Adding to the gradual nature of the process is the fact that the number of subscribers increased in the months following the introduction of OpenBook, which could affect the adjustment of the market to the new pre-trade transparency regime.
To allow for adjustment to an equilibrium state and to examine this adjustment, we use four post-event periods rather than one. As with the pre-event period, we use 2 weeks as the length of a post-event period to capture a reasonably stationary snapshot of the trading environment. More specifically, for each of the first 4 months after the introduction of OpenBook we use the first 2 full weeks of trading: February 4-15, March 4-15, April 1-12, and May 6-17. These four post-event periods enable us to examine how the new equilibrium emerges over time.
C. Sample and Data
The universe of stocks considered for this study includes all common stocks of domestic issuers traded on the NYSE. We eliminate firms that did not trade continuously between January and May 2002, firms with more than one class of traded shares, closed-end funds, and investment trusts. This results in a population of 1,332 stocks. We then sort by median dollar volume in the last quarter of 2001 and choose a stratified sample of 400 securities that did not experience stock splits or undergo mergers during the sample period. We also divided the sample into four 100-stock groups according to dollar volume in the last quarter of 2001, and conducted the analysis separately for each group. We found that the picture is very similar across groups and therefore we present only the results for the entire sample to simplify the exposition. Table I provides summary statistics for the entire sample and four trading volume groups. The table testifies to the heterogeneous nature of the sample, which ranges from a median average daily volume of $59.43 million for the most actively traded group in the pre-event period to a median of $370,000 for the least actively traded group. All variables-volume, quoted spread, quoted depth, effective spread, and price-change in the expected manner when moving from the most active stocks to the least active stocks. For the most (least) actively traded stocks, median quoted spread is ¢4.4 (¢8.9), and median quoted depth (summing both the bid and ask sides) is 3,445 (1,607) shares. We also observe that prices are higher for the most actively traded stocks in the sample, $42.74, as compared with $11.15 for stocks in the least actively traded group.
The data source used for the summary statistics in Table I is the Trade and Quote (TAQ) database distributed by the NYSE. We use these data to analyze effective spreads of trades and informational efficiency. 9 The rest of our analysis is based on NYSE order-level data provided in the System Order Data (SOD) and Consolidated Equity Audit Trail Data (CAUD) files.
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The SOD files include detailed information on all orders that arrive at the NYSE via the SuperDot system or that are entered by the specialist into the Display Book system (which powers the limit-order book). SOD files contain about 99% of the orders, representing 75% of NYSE volume, and follow orders from arrival through execution or cancelation. Together with the open limitorder file (LOFOPEN), which describes the exact state of the limit-order book every day before the opening of trading, SOD files allow us to precisely reconstruct the limit-order book on the NYSE at any time. They also enable us to examine how investors change their order submission strategies, to determine how much depth specialists add to the quote beyond what is in the limit-order book, and to compute the effective spreads of orders (as opposed to trades). 9 The variables we analyze are calculated using NYSE trades and quotes. We apply various filters to clean the data. We only use trades for which TAQ's CORR field is equal to either zero or one, and for which the COND field is either blank or equal to B, J, K, or S. We eliminate trades with nonpositive prices. We also exclude a trade if its price is greater (less) than 150% (50%) of the price of the previous trade. We eliminate quotes for which TAQ's MODE field is equal to 4, 5, 7, 8, 9, 11, 13, 14, 15, 16, 17, 19, 20, 27, 28, or 29 . We exclude quotes with nonpositive ask or bid prices, or where the bid price is higher than the ask. We require that the difference between the bid and the ask be smaller than 25% of the quote midpoint. We also eliminate a quote if the bid or the ask is greater (less) than 150% (50%) of the bid or ask of the previous quote.
10 A reduced version of these files was the basis for the TORQ database organized by Joel Hasbrouck in 1991. A description appears in Hasbrouck (1992) .
Table I Sample Summary Statistics
The universe of stocks for the study consists of all domestic common stocks listed on the NYSE, excluding firms with multiple classes of shares traded, closed-end funds, and investment trusts. We sort the stocks according to median dollar volume in the last quarter of 2001 and choose a stratified sample of 400 stocks. The table presents summary statistics for the entire sample and for four 100-stock trading volume groups. Five periods are used in the study: the pre-event period (January 7-18) and the four post-event periods: February 4-15, March 4-15, April 1-12, and May 6-17. From the TAQ database, AvgVol is the average daily number of shares traded; QSpread is the average quoted spread calculated in dollar terms and in percentage terms (the bid-ask spread divided by the quote midpoint); QDepth is the average total quoted depth (sum of the depths on the bid and ask sides) measured in dollars and in number of shares; ESpread is the average effective spread (twice the distance between the transaction price and the midquote) in dollars and percentage terms (scaled by the quote midpoint); and AvgPrc is the average transaction price of the stock. The CAUD files contain detailed execution information on both electronic and manual orders (the latter handled by f loor brokers). They enable us to determine the participation rate of specialists in the trading process and the portions of trading volume that originate from either f loor brokers or electronic limit orders.
II. Results
Our analysis of the change in pre-trade transparency induced by OpenBook closely follows the exposition of the arguments in the introduction. First, we look at how market participants change their trading strategies as a result of the event. We examine both traders' use of limit orders and specialists' participation in trading and liquidity provision. Second, we examine how these strategies affect the informational efficiency of prices by looking at the deviations of transaction prices from the efficient price and the autocorrelations of quote-midpoint returns. Third, we look at changes in liquidity using depth in the book and effective spreads of both trades and orders. Finally, we examine the question whether our results could be explained by a secular trend in the variables we analyze.
A. Trading Strategies
We use nonparametric univariate tests for the statistical analysis of trading strategies.
11 For each period, we compute stock-specific means for all variables. We then report the median across stocks of pairwise differences between each post-event period and the pre-event period, and the p-value from a Wilcoxon test against the two-sided hypothesis that the median is equal to zero. We therefore investigate the total effect of the introduction of OpenBook on strategies, without making an attempt to disentangle which changes represent direct effects of the event and which changes are indirect effects attributable to changes in other variables. We begin by looking at the conjectures from Harris (1996) that traders react to the risk in order exposure by changing their behavior: canceling and resubmitting limit orders more frequently (shortening the time they are publicly displayed in the book), breaking limit orders into smaller sizes, and making greater use of agents (e.g., f loor brokers).
Table II examines the cancelation of limit orders. The first line in Panel A shows an increase in the cancelation rate of limit orders (number of limit orders canceled divided by the number submitted). The median differences between the post-and pre-event periods are positive, and increase monotonically with time. The median change from January to February is 0.68% (though not statistically significant), reaching 4.75% between January and May (and highly statistically significant). The second line in Panel A presents the time-tocancelation (in seconds) of limit orders that are canceled. It declines following Table II 
Analysis of Limit Order Cancelation
This table presents analysis of changes in limit-order cancelation strategies following the introduction of OpenBook. The pre-event period is January 7-18 (Jan.), and the post-event periods are February 4-15 (Feb.), March 4-15 (Mar.), April 1-12 (Apr.), and May 6-17 (May) (each contains 10 trading days). In Panel A, CancRate is the change in cancelation rate, defined as the ratio of the number of canceled limit orders to the number of limit orders submitted, and TimeCanc is the change in the number of seconds between submission and cancelation of limit orders. We report the cross-sectional median change and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. Panel B presents the results of the duration analysis of time-to-cancelation. For each stock in the sample, we use a parametric approach assuming a Weibull distribution for time-to-cancelation (T):
and a nonparametric analysis applying the Cox (1972) model of the hazard rate (h(t)):
In both models, I is a dummy variable that takes the value of one for post-event observations and is zero for pre-event observations. Distance from the relevant quote sides (i.e., bid for sells and ask for buys), standardized by the quote midpoint, is used as a covariate. We report the median of e β − 1 (where the coefficients on the dummy variables are estimated separately for each stock), the number of βs significant at the 5% level, and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. * * Indicates significance at the 1% level and * indicates significance at the 5% level (both against a two-sided alternative). A limitation of the above analysis of time-to-cancelation and the cancelation rate is that it ignores censoring (i.e., limit orders that are executed or expire and therefore cannot be canceled). We use survival (or duration) analysis to estimate two models that take censoring into account (see Lo, MacKinlay, and Zhang (2002) and Hasbrouck and Saar (2004) ) on the issue of limit order duration. First, we use an accelerated failure time model that assumes that time-tocancelation follows a Weibull distribution. The logarithm of time-to-cancelation of limit orders is modeled as a linear function of an intercept, a dummy variable that takes the value 1 after the introduction of OpenBook, and the distance of the limit order from the relevant quote side (the bid for limit buy orders and the ask for limit sell orders) divided by the quote midpoint. The standardized distance from the quote is included as a covariate because it is presumably an important determinant of the probability of both execution and cancelation. The duration model is estimated separately for each stock using all limit orders in the 20-day pre-and post-event periods.
To aid in interpretation of the coefficients, we report in Table II the transformation e coefficient − 1 that provides the percentage change in expected time-tocancelation between the pre-and post-event periods. The first line in Panel B presents the cross-sectional median of the transformed coefficients on the event dummy variable and the number of the statistically significant coefficients (at the 5% level). In all four post-event periods, the Wilcoxon test is highly significant, and over 394 (of 400) coefficients in the individual stock regressions are statistically significant. For the February post-event period, expected time-tocancelation of limit orders declines by 10.47%. The decline continues over the sample period and reaches 24.29% by May.
We also report the results of semiparametric Cox regressions (see Cox (1972) ), where the logarithm of the hazard rate is modeled as a linear function of an intercept, a dummy variable for the event, and the distance from the quote. While both the Cox model and the Weibull model belong to the class of proportional hazard models, the Cox model does not require that we choose a particular probability distribution for time-to-cancelation. The transformation e coefficient − 1 presented in the second line in Panel B can be interpreted as the percentage change in the estimated cancelation rate of limit orders between the pre-and post-event periods (controlling for the distance from the quote). The results indicate that the cancelation rate increases in a gradual manner: from 6.57% in February to 17.24% in May. The increase in the cancelation rate is highly statistically significant in all four periods.
Panel A of Table III continues our investigation of changes in the trading strategies of investors following the introduction of OpenBook. The first line shows median pairwise differences in the size of limit orders between the postand pre-event periods. For all four post-event periods, the median changes are negative and statistically different from zero. The magnitude of the changes increases over time after the event. The difference in the size of a typical limit 
Analysis of Trading Strategies
This table presents analysis of changes in trading strategies of investors and specialists following the introduction of OpenBook. The pre-event period is January 7-18 (Jan), and the post-event periods are February 4-15 (Feb), March 4-15 (Mar), April 1-12 (Apr), and May 6-17 (May) (each contains 10 trading days). In Panel A, LimitSize is the change in the average size of limit orders between the pre-and post-event periods in shares, and
Floor/Lmt is the change in the ratio of the number of shares executed by f loor brokers to the number of shares executed using limit orders in the book. Panel B demonstrates the changes in specialist behavior. SpecRate measures changes in the specialists' participation rate in terms of the number of shares, and SpecDepth is the change in the specialists' total commitment (in dollars) on the bid and ask sides of the quoted depth. For all variables, the table reports the cross-sectional median and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. * * Indicates significance at the 1% level and * indicates significance at the 5% level (both against a two-sided alternative).
Feb-Jan
Mar-Jan Apr-Jan May-Jan order of the same stock between February and January is −29.5 shares, reaching −68.4 in May. On a pre-event median limit-order size of 543 shares, this represents a decline of 12.6%. The second line in Panel A presents the changes in f loor-broker activity relative to electronic limit-order activity. The ratio we compute is the sum of the number of shares bought and sold by f loor brokers, divided by the sum of the number of shares bought and sold by limit orders in the book. We document a decline in f loor activity relative to limit orders in the book, ranging from −0.014 in February to −0.05 in May (the differences in the last three post-event periods are statistically different from zero).
12 On a pre-event median ratio of 0.52, the magnitude of the decline is almost 10%.
The results are consistent with heightened limit-order exposure management: Smaller limit orders are submitted, limit orders are canceled more often, and limit orders are left for a shorter time in the book. The new ability to see depth in the book seems to make self-management of the trading process more attractive. The shift we document from f loor trading to electronic limit orders may indicate that the benefit associated with active trading strategies employed by the traders themselves using OpenBook outweighs the cost of displaying trading interests. The trend in median differences of the variables over the four post-event periods is consistent with the idea that traders learn over time about the new service, learn how to use the information in OpenBook, and adjust their trading strategies accordingly.
The change in pre-trade transparency and the change in the behavior of traders can cause NYSE specialists, who make a market in the stocks, to alter their behavior. We use the CAUD files to examine specialist participation in the trading process. The participation rate is defined as the number of shares bought and sold by the specialist over the total number of shares bought and sold. The first line in Panel B of Table III shows that the specialist participation rate declines in the post-event periods. While the median difference between the first post-event period and the pre-event period is not statistically distinguishable from zero, the median differences for the three other post-event periods are negative and highly statistically significant.
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The bid-ask quote disseminated by the NYSE is determined by the specialist. The depth quoted at the bid and ask prices, however, can just ref lect the depth available at the best prices in the book. Alternatively, the specialist can add depth to the quote, ref lecting the interest of f loor brokers or his own interest (in his capacity as a dealer). The second line in Panel B describes the dollar value that specialists (potentially ref lecting f loor broker trading interest) add to the quoted depth beyond what is in the limit-order book. To create this variable, we use the LOFOPEN and SOD files to reconstruct the book and compare 12 Separate analysis shows that f loor broker activity relative to total volume goes down after the introduction of OpenBook (and the change is statistically significant in three out of the four periods), and electronic limit-order activity relative to total volume increases significantly in all four post-event periods.
13 Similar results are obtained when the participation rate is defined in terms of the number of orders rather than the number of shares.
the best prices and depths in the book to the quote disseminated by the specialist every 5 minutes throughout the trading day. We compute the value of the specialist contribution to the quoted depth beyond what is in the limit-order book for each 5-minute snapshot, average over all snapshots, and compute the differences between the post-and pre-event periods for each stock. The specialists' contribution declines monotonically over the four post-event periods, from a median difference of −$1,164.76 to −$2,599.81 (three of the four differences are statistically different from zero).
These results-less participation by the specialists in trading and committing to a smaller quoted depth-are consistent with an increase in the risk associated with the specialists' proprietary trading due to the loss of their information advantage. They are also consistent with a crowding out effect, in that more active management of public limit orders (which have priority over the proprietary trading of specialists) limits the ability of specialists to participate in the trading process. Finally, the reduced depth added by the specialists and f loor brokers is also consistent with the shift we observe from f loor to electronic limit orders.
B. Information and Prices
Both Glosten (1999) and Baruch (2005) predict that improved transparency would lead to increased informational efficiency of prices. We implement two tests of this hypothesis. The first test is based on the variance decomposition procedure in Hasbrouck (1993) . Using information about trade size and execution price for all transactions, Hasbrouck proposes a vector autoregression model to separate the efficient (random walk) price from deviations introduced by the trading process (e.g., short-term f luctuations in prices due to inventory control or order imbalances in the market). More specifically, the variance of log transaction prices, V( p), is decomposed into the variance of the efficient price and the variance of the deviations induced by the trading process, V(s). Because the expected value of the deviations is assumed by the procedure to be zero, the variance is a measure of their magnitude.
The ratio of V(s) to V( p), VR(s/p), ref lects the proportion of deviations from the efficient price in the total variability of the transaction price process. If OpenBook allows traders to better time their trading activity to both take advantage of displayed liquidity and provide liquidity in periods of market stress, the proportion of deviations from the efficient price should be smaller after the event. The first line in Table IV shows median changes between the preand post-event periods for VR(s/p) (expressing the ratio in percentage terms). While the changes are not significantly different from zero in the February and March post-event periods, they become negative and highly significant in the April and May post-event periods.
Another test of informational efficiency can be formulated by assuming that the quote midpoint is the market's best estimate of the equilibrium value of the stock at every point in time. A more efficient quote-midpoint process would be closer to a random walk and therefore exhibit less autocorrelation (both positive 
Analysis of Informational Efficiency
This table presents an analysis of informational efficiency around the introduction of OpenBook. The pre-event period is January 7-18 (Jan), and the post-event periods are February 4-15 (Feb), March 4-15 (Mar), April 1-12 (Apr), and May 6-17 (May) (each contains 10 trading days). We use two types of tests to examine changes in the informational efficiency of prices. The first test uses a variable constructed from the variance decomposition procedure in Hasbrouck (1993) . VR (s/p) is the change in the ratio (in percentage terms) of the variance of the discrepancies between log transaction prices and the efficient (random walk) price to the variance of log transaction prices. The second test looks at the change in the absolute value of first-order autocorrelations of quote-midpoint returns. We divide the trading day into 30-minute intervals for |Corr30| and into 60-minute intervals for |Corr60|, and compute the returns from prevailing quote midpoints at the beginning and end of each interval. For all variables, the table reports the cross-sectional median and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. * * Indicates significance at the 1% level and * indicates significance at the 5% level (both against a two-sided alternative).
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Mar-Jan Apr-Jan May-Jan and negative). The second and third lines in Table IV show changes in the absolute value of the 30-minute and 60-minute first-order quote-midpoint return autocorrelation. For the 30-minute process, we divide the trading day into halfhour intervals and compute the returns from the prevailing quote midpoints at the beginning and end of each interval (a similar construction is used for the 60-minute process). We examine the absolute value of the correlation coefficients because we would like to test how close the return process is to a random walk, which is characterized by zero autocorrelations. We find that the direction of changes in the autocorrelation is consistent with more efficient prices, but the results are rather weak. While the median changes are negative in all post-event periods, only two of the numbers are statistically different from zero. The results of these two tests together point to some improvement in informational efficiency under the new pre-trade transparency regime. At the very least, the evidence demonstrates that opening the book does not lead to deterioration in the efficiency of prices.
C. Liquidity
What we would like to examine in this section is how the changing strategies of investors and specialists aggregate to create a new state of liquidity provision in the market. This analysis has special significance, since the theoretical arguments we have surveyed disagree on this point-Madhavan, Porter, and Weaver (2000) claim that greater transparency would cause liquidity to deteriorate, while Glosten (1999) and Baruch (2005) claim that it would improve liquidity. In particular, Madhavan, Porter, and Weaver show that depth in the book would decrease and that spreads (or the price impact of trades) would increase when the book is opened. Baruch provides the opposite prediction about spreads, claiming that the price impact of trades would decrease with greater transparency.
What drives the difference in the predictions of these two models? Baruch (2005) features an oligopoly in the market for liquidity provision comprised of fully strategic limit-order traders and a specialist. In equilibrium, these liquidity suppliers have market power and make positive expected profits. Opening the book increases competition among liquidity suppliers, decreasing their profits and improving liquidity. The informed investor in the model trades more aggressively when liquidity is better, which results in more informative prices. In Madhavan, Porter, and Weaver (2000) , liquidity provision is competitive, and price impact is derived under the assumption that the expected profit of the limit-order traders is zero. Greater transparency enables traders with private information to make better decisions on order sizes and increase their profits. With fixed information costs, higher profits can translate into more informed trading that would worsen the adverse selection problem and bring about higher spreads (since prices are already determined competitively).
We start by evaluating the prediction on depth in the book. We record snapshots of total depth in the limit-order book for each stock every 5 minutes. We then construct our depth measure by averaging these snapshots for each period.
Because there is much evidence that liquidity is affected by attributes such as volume, we use several parametric approaches to examine the change in liquidity conditional on three control variables. The controls are the average daily dollar volume, intra-day volatility expressed as the average daily range of transaction prices (high minus low), and the average transaction price of the stock (to control for price level effects).
The first econometric specification assumes that the liquidity measure for stock i in period τ (where τ ∈ {pre, post}), L i, τ , can be expressed as the sum of a stock-specific mean (µ i ), an event effect (α), a set of control variables, and an error term (η):
where δ τ is an indicator variable that takes the value zero in the pre-event period and one in the post-event period, AvgVol represents dollar volume, HiLow is intra-day volatility, and AvgPrc is the price. By assuming that the errors are uncorrelated across securities and over the two periods (although we do not require them to be identically distributed), we can examine differences between the post-and pre-event periods and eliminate the firm-specific mean:
where denotes a difference between the post-and pre-event periods. We estimate the equation above using OLS and compute test statistics based on White's heteroskedasticity-consistent standard errors. Panel A of Table V presents the intercepts and p-values from the regressions using the change to depth in the book (in round lots) as the liquidity variable. The intercepts for all four post-event periods are positive, and two of the four are statistically significant at the 5% level, indicating some increase in book depth in the postevent period.
Since the event happens to all stocks at the same time, it is possible that the error terms are correlated across stocks. This would cause the standard errors of the intercepts to be biased, but the OLS coefficients would still be consistent. To examine the robustness of our results to this potential problem, we compute the daily values of the variables (e.g., 10 daily averages of book depth indexed by t rather than an average for the entire period), and estimate the following equation pooling all the stocks in our sample:
where the dummy variables Day k it (k = 1, . . . , n) take the value one for the k th day in the n-day post-event period and zero otherwise, Vol is the daily dollar volume, HL is the daily range of transaction prices, and Prc is the daily average transaction price of the stock. We estimate the model in two ways: (i) for the pre-event period combined with each of the post-event periods (resulting in 10 
Analysis of Book Depth
This table presents results of analyses of book depth changes around the introduction of OpenBook. The pre-event period is January 7-18 (Jan), and the post-event periods are February 4-15 (Feb), March 4-15 (Mar), April 1-12 (Apr), and May 6-17 (May) (each contains 10 trading days). In Panel A, we report the results of OLS regressions of changes to total depth in the book (in round lots) on changes in the control variables:
where AvgVol is the difference in average daily dollar volume, HiLow is the difference in intra-day volatility (average daily range of transaction prices), and AvgPrc is the difference in the average transaction price of the stock. All differences are between the post-and pre-event periods. We run the regressions separately for each post-event period. We report the intercepts from the four regressions, the p-values calculated using White's heteroskedasticity-consistent standard errors, and the adjusted R 2 of the regressions. For the analysis in Panel B, we use daily data to estimate (by OLS) the following relation:
where the dummy variable Day k it (k = 1, . . . , n) takes the value of one for the k th day in the n-day post-event period and is zero otherwise, Vol is the daily dollar volume, HL is the daily price range, and Prc is the daily average transaction price of the stock. We estimate the model for each post-event period separately and for a pooled 40-day post-event period. We report the median of the dummy variables' coefficients (β k s) and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. Panel C presents the change to the cumulative number of shares in the book ( CumShares) at several distances from the relevant quote sides (i.e., ask for sells and bid for buys), where the distances are defined in terms of a percentage of the stock's price (0.166%, 0.833%, 3.333%, 16.667%, and the entire book). The percentage bounds were determined by deciding on dollar bounds (¢5, ¢25, $1, and $5) and dividing them by the average share price of stocks in our sample in the pre-event period ($30). The panel reports the median and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. * * Indicates significance at the 1% level and * indicates significance at the 5% level (both against a two-sided alternative).
Panel A: Differences in Book Depth in a Cross-Sectional Multivariate Regression (400 Observations)
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Mar-Jan Apr-Jan May-Jan coefficients of the daily post-event dummy variables), and (ii) for the entire sample period of 50 pre-event and post-event days (resulting in 40 coefficients of the daily post-event dummy variables). Panel B of Table V reports the median of the coefficients on the post-event dummy variables and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. The idea behind the test is similar in spirit to the one underlying the Fama and MacBeth (1973) specification. The OLS coefficients on the dummy variables are consistently estimated even with cross-correlated errors, and therefore a test that uses time-series variation in the coefficients is not affected by this potential problem. Three of the four post-event periods show a significant increase in book depth after the introduction of OpenBook, and so does the regression over all periods together. 14 While our analysis so far demonstrates that depth in the book increases following the introduction of OpenBook, the summary statistics reported in Table I suggest that depth quoted by the specialists decreased over the sample period. The median difference between dollar quoted depth in May and January is −$3,276, a statistically significant decrease of about 5.4% from the median quoted depth in January. We know from Section II.A that the specialist adds less depth to the quote following the introduction of OpenBook. The decline in quoted depth suggests that book depth close to current market prices does not increase sufficiently to compensate for the change in the specialist's behavior. It is therefore possible that the increase in book depth is primarily at prices that are further away from the current market price.
To examine this possibility, we compute cumulative depth in the book at five distances from the relevant side of the quote (the ask for limit sell orders and the bid for limit buy orders). To better compare the liquidity of stocks with different share prices, we define the distance from the relevant side of the quote as a percentage of the stock's price: (i) up to 0.166% of the price, (ii) up to 0.833% of the price, (iii) up to 3.333% of the price, (iv) up to 16.667% of the price, and (v) up to the end of the book. 15 These percentage bounds are applied to the price of each stock to create stock-specific dollar bounds for the five categories of cumulative depth in the book that we use. 14 We implemented yet another procedure to examine robustness to the potential problem of cross-correlated errors by computing cross-sectional daily averages of each variable and using OLS to estimate the following time-series model:
where the dummy variable D k t (k = 1, 2, 3, 4) takes the value of one for the k th post-event period and is zero otherwise, CSVol is the cross-sectional average of daily dollar volume, CSHL is the crosssectional average of intra-day volatility, and CSPrc is the daily mean transaction price averaged across stocks. All four coefficients were positive and statistically significant in the depth regression. 15 The bounds of the categories were chosen by deciding on several cutoffs in dollar terms (¢5, ¢25, $1, and $5) and dividing them by $30, the average share price of stocks in our sample in the pre-event period. The results are qualitatively similar when we use the dollar bounds.
Panel C of Table V presents the median change in cumulative depth in the book for each category. Of the 20 numbers in the table (five categories, four postevent periods), only five are statistically significant at the 5% level. All of these numbers are positive, indicating an increase in depth (without controlling for changes in volume, volatility, or price). A closer inspection reveals differences that are negative but insignificant in the first two categories (i.e., close to the current market price) in three out of the four periods. On the other hand, the change in cumulative depth in the book up to a distance of 16.67% from the relevant side of the quote is positive in all four periods, and is statistically significant in two out of the four. This may indicate that total depth available for small orders decreases following the introduction of OpenBook, while the total depth available for larger orders increases.
Our tests of depth in the book are motivated by the predication from Madhavan, Porter, and Weaver (2000), but what matters for liquidity in a hybrid market such as the NYSE is the total available depth. At the NYSE, one can think about total depth as the sum of three components: depth in the book, depth on the f loor (orders represented by f loor brokers), and depth added by the specialist in his capacity as a dealer. While we can examine the change in book depth rather accurately, the other two categories are more difficult to measure. In Section II.A, we show that the contribution of the specialist to the quoted depth beyond what is in the limit-order book decreases following the introduction of OpenBook. However, we are unable to evaluate the change in the specialist's incentives to provide depth at prices behind the best bid and offer (in case the quote is exhausted). Also, we have no way of assessing depth available on the f loor, as most f loor orders are being worked by f loor brokers rather than given to the specialist.
While we cannot judge the change to total depth, the total price impact of an order (or its effective spread) depends on all available sources of depth in the market, and therefore it ref lects the change in total depth and provides a good summary measure of the change in liquidity. We also have specific predictions about this variable from the theoretical models: Baruch (2005) states that the price impact should decrease while Madhavan, Porter, and Weaver (2000) claim it should increase. The trade effective spread measure is computed by averaging twice the distance between the transaction price and the prevailing quote midpoint for all transactions in a period (from the TAQ database). The analysis of effective spreads is conducted using the same econometric specifications used for depth with volume, volatility, and price controls.
Panel A of Table VI presents the results of the econometric specification in (2), using differences in trade effective spreads (in cents) as the dependent variable. All coefficients are negative, and they increase in magnitude over time from −0.1046 in February to −0.8001 in May (where the last three postevent periods are statistically significant). Since effective spreads measure the cost of trading and volume measures the quantity of trading, it can be argued that a single-equation specification regressing effective spreads on volume suffers from an endogeneity problem. We examined this potential problem using a simultaneous-equation model of spreads and volume, and the results were 
Analysis of Effective Spreads of Trades and Orders
This table presents results of analyses of changes in effective spreads around the introduction of OpenBook. The pre-event period is January 7-18 (Jan), and the post-event periods are February 4-15 (Feb), March 4-15 (Mar), April 1-12 (Apr), and May 6-17 (May) (each contains 10 trading days). In Panel A, we report the results of OLS regressions of changes in trade effective spreads (in cents) from the TAQ database on changes in the control variables:
where the dummy variable Day k it (k = 1, . . . , n) takes the value of one for the k th day in the n-day post-event period and is zero otherwise, Vol is the daily dollar volume, HL is the daily price range, and Prc is the daily average transaction price of the stock. We estimate the model for each post-event period separately and for a pooled 40-day post-event period. We report the median of the dummy variables' coefficients (β k s) and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. In Panels C and D, we use the NYSE's SOD files to compute effective spreads for market and marketable limit orders in a way similar to the computations performed for the SEC's Rule 11Ac1-5 reports. We present the results for all orders as well as for five order size categories: [1, 499] , [500, 1, 999] , [2, 000, 4, 999] , [5, 000, 9, 999] , and [10,000, ∞). Panel C shows the OLS regressions of changes in order effective spreads on changes in the control variables (a specification similar to that in Panel A). In Panel D, we use daily data on effective spreads of orders to estimate (by OLS) a specification similar the one in Panel B. * * Indicates significance at the 1% level and * indicates significance at the 5% level (both against a two-sided alternative).
Panel A: Differences in Trade Effective Spreads in a Cross-Sectional Multivariate Regression (400 Observations)
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Mar-Jan Apr-Jan May-Jan Feb-Jan Mar-Jan Apr-Jan May-Jan Table VI presents the results of the trade effective spreads analysis with the daily timeseries specification in (3). Here as well, there is a highly significant decline in effective spreads in three of the four post-event periods and in the regression for the entire sample period.
While we find that effective spreads of trades decrease, Madhavan, Porter, and Weaver (2000) document an increase in spreads following the change in pre-trade transparency implemented by the Toronto Stock Exchange in 1990. What can explain the conf licting results? The answer probably does not lie in differences in market structure between the two exchanges, because Madhavan, Porter, and Weaver document the results for stocks traded on the Toronto Stock Exchange f loor that features Registered Traders who are similar to specialists. The conf licting results may be due to developments over the past decade in information processing, order handling, and trading technologies. The ability of buy-side traders to utilize information about the limitorder book to improve their trading strategies is much greater today, which may be the reason why we see emergence of an equilibrium where liquidity improves.
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It is important to note that the effective spread of a trade does not constitute a perfect measure of transaction costs. A portfolio manager or an individual investor who seeks to change his position may specify a trading strategy that incorporates both marketable and limit orders that can be executed at multiple points in time.
18 If indeed the cost of marketable orders (effective spreads) decreases, it is reasonable to assume that the gain to limit orders that supply liquidity decreases as well. In an auction market, an investor can both demand and supply liquidity, and hence the impact on his overall transaction costs is ambiguous. Furthermore, even market and marketable limit orders that are 16 The specification of the simultaneous-equation model we used is:
where StdInv is the standard deviation of daily inventory closing positions of specialists (from the NYSE's SPETS file), and SysVol is the systematic component of dollar volume. The systematic component is obtained from a market model of dollar volume using one year of daily data ending before the beginning of the pre-event period, with an equally weighted portfolio of all common domestic NYSE stocks as a proxy for the market (see Lo and Wang (2000) and Llorente et al. (2002) on the issue of a market model for volume). The simultaneous-equation model was estimated using both two-stage least squares and three-stage least squares. For all post-event periods, the magnitudes of the intercepts from the effective spreads equation and their statistical significance were almost identical to those reported in Table VI , and are therefore omitted for brevity. 17 In Baruch (2005) , the proof of the result that liquidity improves with greater transparency requires a sufficiently large market (i.e., a lower bound on the number of limit-order traders). The average share volume in our sample is almost 20 times greater than the average share volume of the f loor-traded securities in Madhavan, Porter, and Weaver's study, and therefore it is possible that Baruch's prediction is applicable to the NYSE, but not to the Toronto Stock Exchange in 1990.
18 See, for example, the experimental evidence in Bloomfield, O'Hara, and Saar (2003) on the use of market and limit orders by traders. sent to the exchange can be broken down into several trades. A better measure of the execution cost an investor incurs would benchmark the entire order to the market price when the order is sent to the exchange.
We do not have data that enable us to follow the portfolio changes of specific investors and examine their equilibrium trading strategies and the resulting transaction costs. However, we can go one step beyond looking at the price impact of trades by following the analysis of execution costs proposed by the SEC in Rule 11Ac1-5. 19 This rule, which went into effect in July 2001, dictates that all market centers should provide several measures to help investors compare the quality of execution across trading venues. Unlike the analysis of effective spreads that we provided above, the effective spreads the SEC mandates in Rule 11Ac1-5 are computed for orders, rather than for trades. 
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The data that market centers publicly report to comply with the requirements of the SEC are monthly averages of the measures. We conducted an analysis of differences using December 2001 as the pre-event period and February through May 2002 as post-event periods. The results indicated a reduction in effective spreads of orders in all four post-event periods, with a statistically significant difference in three out of the four periods.
22 Our NYSE data, however, enable us to take the SEC definition of effective spreads for orders and compute it ourselves for the intervals we need in the pre-and post-event periods. We therefore use the SOD files to generate effective spreads for market and marketable limit orders for the pre-and post-event periods. In addition, we follow Rule 11Ac1-5 by putting orders into size categories in terms of the number of shares in an order ([1, 499] Boehmer (2003) , and Lipson (2003) for a discussion of Rule 11Ac1-5 and analysis of data that market centers release to comply with the rule. 21 The order effective spread of a stock for a certain period is computed as the share-weighted average of effective spreads across all orders in the period. 22 The results are available from the authors. 23 Rule 11Ac1-5 specifies the first four categories that we use (up to 9,999 shares). We add the fifth category for completeness. Table VI presents the results of the econometric specification in (2), where differences in order effective spreads between the pre-and post-event periods for each order size category are regressed on an intercept and changes in the control variables. We see that the effective spread of small orders, up to 499 shares, decreases significantly in the last three post-event periods. Similarly, there is a significant decrease in effective spreads for orders between 500 and 1,999 shares in all post-event periods. In fact, the intercepts of all post-event periods and all size categories except one are negative. A decrease in the effective spreads of small orders, despite the decrease in quoted depth, can be explained by the increase in limit-order volume (see footnote 14) coupled with a better ability to make decisions about order types (e.g., taking liquidity when the book is thick, while supplying liquidity when it is thin). In other words, timing market conditions can lead to a reduction in the price impact of marketable orders, irrespective of the change in average depth.
Panel C of
Panel D of Table VI presents the results of the order effective spread analysis using the econometric specification in (3), where daily values of order effective spreads are regressed on dummy variables and the three control variables. Here the evidence of a decrease in order effective spreads is even more pronouncedthere is a significant decrease in all size categories by the May post-event period. Similarly, we observe a significant decrease in the pooled regression using all 50 days in the sample period.
The fact that the results are qualitatively similar using different econometric specifications and multiple measures of liquidity indicates that our findings are rather robust. The evidence we present suggests that liquidity improved following the introduction of OpenBook.
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D. Could the Results Just Reflect a Trend?
In the introduction we noted that our study of changes in pre-trade transparency uses a single event: the introduction of OpenBook. As such, we rely on the cross-section of stocks to provide us with statistical significance for the changes we document. In principle, it is possible that these changes ref lect a trend that existed in the market even before the introduction of OpenBook.
To examine this issue, we would like to look at the variables prior to the introduction of OpenBook. We therefore proceed to take another 10-day period, August 27-September 10, 2001, and test the differences in the variables from this period to the January pre-event period. Our choice of a "robustness" period is driven by three considerations. First, we want the interval of time between the robustness period and the January pre-event period to be similar to the interval between one of the post-event periods and the pre-event period, so 24 It is interesting to note that the effects of changes in pre-trade transparency may differ from the effects of changes in the degree of anonymity in a market. Foucault, Moinas, and Theissen (2003) look at Euronext Paris, which is organized as a pure electronic limit-order book. They find that decreasing the amount of information by concealing the identities of traders improves liquidity, while we find for the NYSE that an improvement in pre-trade transparency, holding anonymity constant, improves liquidity. that we can compare the magnitude of the changes. Second, we want to avoid looking at the variables in the immediate aftermath of September 11, 2001, due to the unusual market conditions that prevailed. Third, we do not want to take a period too close to January 2001 in order not to pick up the effects of changes in the minimum tick size. The August 27-September 10 period seems like a reasonable choice that balances these considerations (and the time interval between this period and January 2002 is similar to the one between the preevent period and the May post-event period). Table VII shows the changes from the robustness period to the pre-event period for the variables we investigated in Sections II.A-II.C. In general, the magnitude of the changes is much smaller than those we find following the introduction of OpenBook, and their sign is often in the opposite direction. Panel A reports the results on trading strategies. The cancelation rate of limit orders decreased prior to OpenBook, time-to-cancelation increased, and limitorder size increased. These are statistically significant changes, but they go in the opposite direction of the results we document after the introduction of OpenBook. There is no statistically significant change prior to OpenBook in the floor-to-limit ratio, the specialist participation rate, or the contribution of the specialists to the depth of the quote. In contrast, we find significant changes in these variables from January to the May post-event period. It therefore seems unlikely that the changes in trading strategies following the introduction of OpenBook are simply a manifestation of a trend.
Panel B of Table VII presents the results of changes in the informational efficiency variables. None of the changes is statistically significant (and they are all positive, as opposed to the negative changes we document following the introduction of OpenBook). Panels C and D contain the analysis of liquidity using the econometric specifications in (2) and (3). We observe that depth in the book declines from the robustness period to the pre-event period, and so our finding in Section II.C of an increase in depth does not ref lect a trend that existed prior to the introduction of OpenBook. Trade effective spreads seem to decline, but the results are rather weak. The intercept from the regression of changes in trade effective spreads is weakly significant, but much smaller in magnitude than the results we document over a similar time interval from January to May (Table  VI , Panel A). The change in trade effective spread is not statistically significant in the multivariate regression at the daily frequency that we implement to mitigate the effect of cross-correlated errors. The effective spread of orders demonstrates no significant change from the robustness period to the January pre-event period. 25 It therefore seems that the pronounced change in liquidity that we observe after the introduction of OpenBook cannot be solely attributed to a trend. Tables II-VI . We examine the differences in these variables between the 10-day period of August 27-September 10, 2001 (Sep01) and the pre-event period of January 7-18, 2002 (Jan02). In Panel A, CancRate is the change in cancelation rate, defined as the ratio of the number of canceled limit orders to the number of limit orders submitted; TimeCanc is the change in the number of seconds between submission and cancelation of limit orders; LimitSize is the change in the average size of limit orders in shares; Floor/Lmt is the change in the ratio of the number of shares executed by f loor brokers to the number of shares executed using limit orders in the book; SpecRate measures the change in the specialists' participation rate in terms of number of shares; and SpecDepth is the change in the specialists' total commitment (in dollars) on the bid and ask sides of the quoted depth. In Panel B, VR(s/p) is the change in the ratio (in percentage terms) of the variance of the discrepancies between log transaction prices and the efficient (random walk) price to the variance of log transaction prices; |Corr30| and |Corr60| measure the changes in the absolute value of first-order autocorrelations of quote-midpoint returns using 30-minute and 60-minute returns, respectively. For all variables in Panels A and B, the table reports the cross-sectional median and the p-value (in parentheses) of a Wilcoxon signed rank test against the hypothesis of a zero median. Panels C and D present the results of the analysis of changes in liquidity variables. A description of the regressions in these panels is detailed in the text of Tables V and VI. * * Indicates significance at the 1% level and * indicates significance at the 5% level (both against a two-sided alternative). 
III. Conclusions
The structure of securities markets in the United States and around the world is undergoing many changes. Various competing market structures were introduced into U.S. equity trading by alternative trading systems, and the SEC has been instrumental in providing the conditions that helped these new trading platforms to f lourish. In particular, the SEC has pushed for greater pre-trade transparency by mandating certain display requirements for limit orders (affecting both market makers and alternative trading systems organized as electronic limit-order books). The insistence of the SEC on pre-trade transparency stems from its conviction that transparency improves not just price discovery, but also the fairness, competitiveness, and attractiveness of U.S. markets (see U.S. SEC (1994)).
So far, however, there has been no consensus in the academic literature on whether greater pre-trade transparency in the sense of disclosing more information about limit orders in the book is beneficial. Our results provide empirical support, for the first time, for the view that improved pre-trade transparency of a limit-order book can be good for investors. Our focus on the largest equity market in the world and the quality of the order-level data we use make our findings even more significant in the debate among academics and policy makers.
We find that investors do change their strategies in response to the change in market design: They submit smaller limit orders and cancel limit orders in the book more quickly and more often. These findings are consistent with a more active management of trading strategies in the face of greater risk of order exposure. Additionally, we find that traders shift activity away from f loor brokers toward electronically submitted limit orders. This may indicate that OpenBook enables traders to implement more complex strategies themselves, and therefore reduces their need to delegate that responsibility to f loor brokers. We also find that NYSE specialists change their behavior in that they trade less, and together with f loor brokers, add less depth to the quote. These changes can ref lect the increased risk in proprietary trading without the help of privileged information about the book, a crowding out effect that results from increased competition provided by active limit-order trading, and a shift in investor strategies from using f loor brokers to using limit orders submitted electronically via SuperDot.
The equilibrium effects on the state of the market, both in terms of liquidity and informational efficiency, seem to suggest that increased transparency is a win-win situation. We find some improvement in informational efficiency following the introduction of OpenBook, an increase in displayed liquidity in the book, and a decline in the price impact of trades and marketable orders.
The results we document point to two welfare redistributions that are possibly associated with the introduction of OpenBook. The first is from liquidity suppliers to demanders. The decrease in the price impact of trades and marketable orders reduces the compensation for liquidity provision, hurting limit-order suppliers and specialists. The second is from NYSE members to the exchange itself. We document a decrease in the specialist participation rate, and the evidence of a shift from f loor to limit orders is consistent with a decline in the business of f loor brokers. At the same time, the NYSE generates revenues from the OpenBook service.
Since we do not observe the complete trading strategy of each investor, we are unable to judge whether the trading costs of investors who utilize both market and limit orders in the new regime are lower than the trading costs when traders did not have information about the book. Nonetheless, there are some reasons to believe that improved liquidity per se can be beneficial for a market. Liquid markets may encourage investor participation. Firms may benefit from liquid markets either because some aspects of liquidity are directly priced (e.g., Amihud and Mendelson (1986) and Easley and O'Hara (2004) ) or because greater investor participation lowers the required return in the spirit of Merton (1987) . It is important to note, however, that we do not provide evidence for the changes to the total welfare of investors or the cost of capital of firms, but rather document improvements in liquidity and informational efficiency following the introduction of OpenBook.
Beyond providing support for the SEC's beliefs about the importance of transparency to the quality of U.S. markets, our analysis provides evidence that market design indeed has substantial implications for investors. NYSE material stresses that OpenBook was designed to increase transparency in a decimal trading environment. Because the idea of publicly distributing information about the book has been around for many years, implementation at this time indeed seems to have been in response to the change in the tick size. In a sense, one regulatory change in market design (the reduction in tick size) caused the NYSE to implement another change in market design (improving pre-trade transparency). The current securities trading environment is characterized both by frequent regulatory interventions and by competitive pressures. The experience with OpenBook suggests that markets can and should respond to changes in their environments by modifying the design of their trading systems to better meet investor needs.
